Objective: Leucine was previously demonstrated to allosterically activate mammalian sirtuin 1 and synergize with other sirtuin 1/AMP-activated protein kinase/nitric oxide pathway activators to modulate energy metabolism. The objective of this study was to evaluate the effects of a triple combination of leucine, metformin, and sildenafil (NS-0200) on body weight and obesity comorbidities in a phase 2 randomized trial. Methods: A total of 91 subjects with obesity were randomized to placebo, low dose (1.1 g leucine/0.5 g metformin/0.5 mg sildenafil), or high dose (1.1 g leucine/0.5 g metformin/1.0 mg sildenafil) twice daily for 16 weeks. Seventy subjects completed the trial and met all a priori compliance criteria. Hypertensive (n = 35) and hypertriglyceridemic (n = 22) subcohorts were also analyzed. Results: NS-0200 dose-responsively reduced weight; high dose reduced weight by 2.4 and 5.0 kg in the full and high-triglyceride cohorts, respectively (P < 0.0001). High-dose NS-0200 treatment also decreased blood pressure (−5.5 mm Hg diastolic pressure; P = 0.011), with greater effects among hypertensive subjects. NS-0200 also significantly reduced triglycerides and hemoglobin A1c. Significant improvement in ≥ 2 comorbidities was exhibited by 54% of subjects in the high-dose arm versus 5% of placebo subjects (P = 0.0009). Treatment-emergent adverse events did not significantly differ among groups. Conclusions: These data support further study of NS-0200 as a therapy for obesity and associated comorbidities.
Introduction
The prevalence of obesity has markedly increased over the past three decades and is a major public health challenge, especially in disproportionately affected population segments. Women have a somewhat higher prevalence than men (40.5% vs. 35 .2%), and minority women are disproportionately affected, with a prevalence of 46.6% among Hispanic women and 57.2% among Black women in the United States (1) .
Obesity is associated with multiple comorbidities, including cardiovascular disease, hypertension, type 2 diabetes, nonalcoholic fatty liver disease (NAFLD), and some cancers (2, 3) . These comorbidities are thought to arise as a consequence of obesity. Multiple large studies have demonstrated an association between obesity and reduced life-span (4) (5) (6) (7) (8) , with a predicted loss of 9 to 13 years of life for individuals with BMI ≥ 35 (4) . The Global BMI Mortality Collaboration recently reported data from 10.6 million participants followed for an average of 14 years over 239 large studies, including 189 studies that included 4 million participants who were never-smokers (8) ; the data demonstrate a 31% increase in risk of premature death for every 5-BMI-unit increase over 25, as well as an overall increased risk of 45% for stage 1 obesity, 94% for stage 2 obesity, and ~3-fold for stage 3 obesity (8) .
Lifestyle interventions focused on reducing caloric intake and increasing caloric expenditure are important first-line interventions, but poor adherence sharply limits sustained success. Accordingly, development of safe and effective pharmacotherapy is an important tool to achieve meaningful, sustained weight loss.
AMP-activated protein kinase (AMPK) and mammalian sirtuin 1 (Sirt1) are well-known regulators of lipid and energy metabolism. These two systems are coordinated via reciprocal activation, with Sirt1 activating AMPK via liver kinase B1 deacetylation and AMPK activating Sirt1 via nicotinamide phosphoribosyltransferase induction (9) , and they inhibit lipid storage and stimulate muscle and hepatic mitochondrial biogenesis and fatty acid oxidation (10, 11) . High-fat diet and excess energy intake decrease Sirt1 and AMPK activity (12) (13) (14) . This, in turn, may lead to mitochondrial loss or dysfunction, which plays a pivotal role in the development of metabolic diseases, including obesity, diabetes, and cardiovascular disease. In contrast, both Sirt1 and AMPK activation prevent or attenuate lipid accumulation in response to positive energy balance (15) (16) (17) , thus representing attractive therapeutic targets for obesity.
We have demonstrated that L-leucine is an allosteric activator of Sirt1 that lowers the activation energy for nicotinamide adenine dinucleotide (NAD) + and thereby modulates lipid and energy metabolism and increases insulin sensitivity in mice (10, (18) (19) (20) (21) (22) (23) . Consequently, combining leucine with other sirtuin pathway activators results in synergistic coactivation of sirtuin pathway signaling and sirtuin targets. For example, adding L-leucine to metformin results in a novel synergistic interaction that has enabled significant dose reduction of metformin with no loss of antidiabetic efficacy (24) . These effects may be further enhanced via the endothelial nitric oxide synthase (eNOS)/nitric oxide (NO)/cyclic GMP (cGMP) pathway using low doses of sildenafil; although best known for its inhibitory effects on phosphodiesterase 5, low doses of sildenafil activate eNOS (25) (26) (27) (28) and increase NO production. NO also stimulates Sirt1, while Sirt1 deacetylates and activates eNOS in a positive feedback loop (27, (29) (30) (31) . We have found leucine to synergize with sildenafil and other eNOS activators to exert amplifying downstream effects of AMPK and Sirt1 activation on glucose and fat metabolism (32) , while a triple combination of leucine, metformin, and sildenafil (NS-0200) reduced body weight and adiposity (M Zemel, unpublished data, 2018) and regressed nonalcoholic steatohepatitis (21) in preclinical studies. Accordingly, the present study evaluates the efficacy of NS-0200 in reducing weight and obesity comorbidities in subjects with overweight and obesity.
Methods

Study design
A randomized, placebo-controlled, double-blind, phase 2 multicenter study was conducted to test the effects of two fixed-dose combinations of leucine, metformin, and sildenafil (NS-0200) versus placebo for 16 weeks. The two active treatment arms consisted of capsules containing 1,100 mg of leucine, 500 mg of metformin, and either 0.5 or 1.0 mg of sildenafil, and the placebo utilized matching capsules containing a 99% Avicel-PH302/1% magnesium stearate blend (FMC BioPolymer (Newark, Delaware), all administered orally twice daily. The primary end point of this study was change in hepatic fat as assessed by proton density fat fraction; we recently reported this end point, along with associated hepatic parameters (33) . Herein, we report the effects of NS-0200 on body weight and metabolic parameters.
Subjects were screened for eligibility based on medical history, physical examination, and blood analysis 2 weeks prior to enrollment in the study, and those who met basic eligibility criteria returned for assessment of hepatic fat via proton density fat fraction magnetic resonance imaging (MRI-PDFF) approximately 7 days prior to study enrollment.
Those with hepatic fat fraction ≥ 15% via MRI-PDFF were enrolled in the study and returned to the clinic on study day 1 for baseline laboratory evaluation and first dose of study medication, followed by visits on days 7, 28, 56, 84, and 112 (study conclusion). Subjects were contacted via telephone between clinic visits on days 14, 42, 70, and 98 to establish a biweekly pattern of contact to enhance compliance.
Inclusion criteria were to be aged 18 to 75 years at study entry and to have BMI between 25 and 40 kg/m 2 , stable health and body weight for the preceding 12 weeks, MRI-PDFF ≥ 15%, and alanine aminotransferase ≥ 30 U/L for men and ≥ 19 U/L for women. Key exclusion criteria were participation in a weight loss program within the preceding 12 weeks, bariatric surgery, evidence of chronic liver disease (other than fatty liver disease), history of significant alcohol consumption (defined as > 7 drinks/week), use of any component of the study medication (leucine, metformin, or sildenafil) or drugs from related classes, or use of medications known to affect body weight.
Subjects were randomized to treatments using a computer-generated randomized block (block 6) schedule prepared by a third party, and sponsor personnel, study staff, and subjects were blinded to treatment assignment. Treatment assignment was performed centrally for all sites, and randomization numbers were allocated in strict chronological order. Study medication was provided to the study centers in a blinded fashion using each subject's randomization number.
This study was approved by the Central Institutional Review Board and, if applicable, the institutional review boards at each participating clinical site, and written informed consent was obtained from all participants prior to study enrollment. Recruiting was initiated November 2015, and the study was concluded in November 2016.
Efficacy outcomes
All outcome assessments were conducted following an overnight fast of at least 10 hours; subjects refrained from taking study medication prior to each clinic visit and instead took their morning dose at the study site following all measurements. Body weight, blood pressure, fasting glucose, insulin, and blood lipids (cholesterol, low-density lipoprotein, high-density lipoprotein [HDL], and triglycerides) were measured at baseline and following 4, 8, 12, and 16 weeks of treatment. Hemoglobin A1c (HbA1c) was measured at baseline and following 12 and 16 weeks of treatment. All laboratory measurements were conducted in a centralized laboratory. Body weight was measured in light clothing with no shoes at each clinical site.
Safety outcomes
Safety assessment included physical examination with vital signs, 12lead electrocardiogram, clinical chemistry, hematology, and urinalysis. Adverse events were categorized by severity, outcome, and relationship to study drug.
Statistics
The primary analysis population was per protocol (PP) for efficacy end points and intent to treat (ITT) for safety end points. The PP population consisted of all ITT subjects who completed all study visits and who adequately complied with the study protocol without major protocol deviations and received ≥ 80% of provided study medication via pill counts. Secondary analyses were conducted on the ITT population, and post hoc subgroup analyses were also conducted, consisting of (a) hypertensive subjects, defined as either subjects taking antihypertensive medication or with baseline blood pressure ≥ 140/90 mm Hg (n = 35), or (b) participants with baseline fasting triglycerides ≥ 200 mg/dL (n = 22). A mixed-model analysis of covariance (ANCOVA) was used to analyze changes in each outcome measure from baseline to week 16, with baseline value serving as a covariate. The least squares means, SEs, and corresponding 95% CIs for the changes from baseline to week 16
were derived from the model for each treatment. Each of the fixeddose combinations of leucine, metformin, and sildenafil treatment groups (low-dose, treatment group B; and high-dose, treatment group C) was compared with the placebo group (treatment group A), and the least squares mean for the treatment difference (treatment B or C minus treatment A), SEs, associated 95% CIs, and P values were computed accordingly. Sample size requirements for the trial were estimated based on the trial primary outcome of change in hepatic fat, as recently reported (33) . 
Results
Enrollment and baseline characteristics
Of 215 subjects screened for participation, 91 met all enrollment criteria and were randomized as follows: 24 to placebo (treatment group A), 35 to low dose (1,100 mg leucine/500 mg metformin/0.5 mg sildenafil; treatment group B), and 32 to high dose (1,100 mg leucine/500 mg metformin/1.0 mgsildenafil; treatment group C) (Supporting Information Figure S1 ). Of the enrolled participants, 90 received at least one dose of medication and therefore constitute the ITT group. Of these 90, 20 (22%) discontinued early, as follows: 2 (8.3%) from placebo (treatment group A), 11 (31.4%) from treatment group B, and 7 (21.9%) from treatment group C. Of the 71 completing the trial, 1 was excluded from the PP analysis because of nonadherence with a priori compliance criteria, leaving 70 (78% of ITT population) in the PP analysis group. Baseline characteristics are shown in Table 1 . There were no significant baseline differences among the three groups in any of the variables studied.
Weight change
NS-0200 dose-responsively reduced weight in the full PP cohort, with a 2.4-kg weight loss over 16 weeks in the high-dose group (P < 0.0001; Figure 1 ). Weight loss was linear over time in the treatment group, while there was no significant weight change in the placebo group. Of the high-dose treatment group, 58% exhibited > 2-kg weight reduction versus 23% of placebo (P = 0.027), and 42% exhibited > 3-kg reduction in 16 weeks versus 0% for placebo (P = 0.003). The ITT group exhibited comparable effects on weight, albeit of smaller magnitude (−1.9 ± 0.7 kg weight loss; P < 0.05). The subcohort of individuals with elevated triglycerides (≥ 200 mg/dL) exhibited weight loss of approximately twice the magnitude of the full cohort in response to the higher dose of NS-0200 (5 kg; P < 0.01; Figure 2 ).
Blood pressure
High-dose NS-0200 treatment also resulted in decreased blood pressure (−5.5 mm Hg diastolic pressure; P = 0.011; Figure 3 ) in the PP population, which was evident at the first treatment measurement time (4 weeks) and was sustained throughout the 16 weeks of treatment; therefore, this effect preceded significant changes in body weight and was not correlated with weight change. Similarly, the ITT population exhibited a decline of 4.3 ± 1.6 mm Hg in diastolic pressure (P = 0.05). A further subgroup analysis was conducted on subjects with hypertension at baseline (n = 35 [10-13 per treatment group]). Hypertensive subjects exhibited a greater blood pressure response to high-dose NS-0200 (−5.2 mm Hg systolic, −8 mm Hg diastolic pressure; P < 0.0019) despite the fact that the 60% of the hypertensive subjects were on a stable antihypertensive regimen throughout the study. The remaining untreated hypertensive subjects constitute too small a group for reliable inference (n = 7 for group A, 3 for group B, and 4 for group C), although data from these individuals are consistent with greater antihypertensive effects in untreated individuals (placebo-adjusted values of −21.5 mm Hg systolic and −15.7 mm Hg diastolic pressure). There was no effect of treatment on heart rate in either the full cohort or the hypertensive subcohort.
Lipids
There was a reduction in triglycerides ~40 mg/dL in the two active treatment groups of the full PP cohort, with no significant difference between the two groups, while the placebo group exhibited an increase (+55 mg/dL). The ITT population exhibited qualitatively similar changes in trigyclerides (−25 ± 15 mg/mL), although this decrease was not significant (P = 0.068). NS-0200 treatment resulted in a markedly greater decrease in triglycerides in the subcohort ( Figure 4 ) with hypertriglyceridemia at baseline (−140 mg/dL; P < 0.01). However, there was no significant correlation between weight change and triglyceride change in either the full cohort or the hypertriglyceridemic subcohort.
There was no significant change in cholesterol, low-density lipoprotein, or HDL in any treatment group, although the cholesterol:HDL ratio decreased significantly in both NS-0200 treatment groups (P < 0.01), while the placebo group exhibited a slight increase. Cholesterol:HDL change was not correlated with weight change.
Glycemic control
This study was conducted in a predominantly nondiabetic population, with 6 of the 91 ITT subjects qualifying as having type 2 diabetes (2 in each group). Nonetheless, NS-0200 did result in a modest decrease in HbA1c in the PP population that was statistically significant (−0.15%; P = 0.002), with no significant difference between the two doses; the placebo group exhibited a nonsignificant increase of 0.07%. The ITT group exhibited comparable changes (−0.13 ± 0.061% and −0.12 ± 0.058% for low-and high-dose groups, respectively) that were significant only for the low-dose group (P = 0.012). The change in HbA1c exhibited a weak correlation (r = 0.23) with weight change that approached statistical significance (P = 0.051). There were no significant effects of any treatment on fasting glucose, insulin, or calculated homeostatic model assessment of insulin resistance.
Safety
Treatment-emergent adverse events (TEAEs) in this trial were recently reported (33); in brief, TEAE frequency was similar between placebo and both treatment groups. However, consistent with the presence of metformin, subjects in the active treatment groups did report a greater number of mild to moderate gastrointestinal events than the placebo group, including diarrhea (40.9% vs. 8.3%), nausea (16.7% vs. 12.5%), and vomiting (4.2% vs. 0.6%). There were no serious TEASs in any treatment group.
Discussion
Data from this randomized, controlled trial demonstrate that NS-200 dose-responsively reduces body weight in subjects with obesity in the absence of any prescribed diet or physical activity intervention. The trajectory of this weight loss over the 16-week study period was linear throughout the entire 16 weeks without evidence of a plateau, suggesting that a greater effect may be predicted in studies of longer duration; however, studies of at least a 12-month duration will be required to confirm whether or not this combination results in durable weight loss.
Subjects with elevated circulating triglycerides exhibited a 5-kg weight loss over 16 weeks, approximately twice the weight decrease with NS-0200 found in the overall study group; this was accompanied by a corresponding reduction in triglycerides in this subgroup, although there was no correlation between changes in weight and triglycerides. This is consistent with the mechanism of action of NS-0200 to target synergistic interaction among elements of the Sirt1-AMPK-eNOS network (21) . In addition to regulating mitochondrial biogenesis and energy utilization in skeletal muscle and adipose tissue (11) , this network is also a key regulator of hepatic lipid metabolism (15) and is suppressed by excess lipids (12) (13) (14) . Therefore, individuals with greater suppression of this system are likely to exhibit greater responsiveness to correcting that suppression. However, no independent assessment of Sirt1 activity was conducted to confirm this assumption in this clinical trial.
Prior preclinical data have demonstrated that the metabolic effects of NS-0200 require all three components of the fixed-dose combination with no independent effect of leucine, metformin, or sildenafil at these doses (21) . Furthermore, the effects of metformin on body weight have been studied in both diabetic and nondiabetic individuals, with small effects and inconsistent results reported (34) . Among diabetics, ~50% of the randomized controlled trials have demonstrated body weight reduction of ~2% with metformin relative to placebo or comparator antidiabetic agent (34) , although there is evidence for a modest effect of metformin on weight, especially among those with higher levels of insulin resistance (35) . The longest of these trials, the UK Prospective Diabetes Study, reported that patients receiving diet-based treatment gained ~2 kg over the 10-year follow-up period, while those on metformin gained a slightly, but not significantly, smaller amount (~1.5 kg) (36) . Studies in nondiabetic patients with or without caloric restriction have also yielded inconsistent placebo-adjusted effects (34) . A recent systematic review and meta-analysis reported a small but statistically significant effect of metformin on BMI in children and adolescents (37) ; however, a recent randomized controlled trial of metformin in children and adolescents demonstrated no significant effect on body weight, body composition, or BMI in either pre-or postpubertal children although there was a small, statistically significant decrease in BMI z score in the prepubertal group (38) . The recently released Endocrine Society clinical practice guideline on pediatric obesity notes that, given its limited efficacy, metformin is not considered an appropriate agent for treatment of obesity (39) . Similarly, sildenafil has been in extensive clinical use for 20 years with no evidence of independent effects on weight (40) (41) (42) (43) , and administration of leucine at the dose used in NS-0200 to adults with overweight and obesity increased fat oxidation but did not result in weight loss in the absence of caloric restriction (44) . These data indicate that the individual components of NS-0200 have little or no independent therapeutic potential in weight management, supporting the appropriateness of a fixed-dose combination.
Treatment with NS-0200 also exerted significant salutary effects on obesity comorbidities. Treatment resulted in dose-dependent decreases in blood pressure in the active treatment arms, with greater effects noted among hypertensive subjects. The magnitude of this effect is comparable to that observed with antihypertensive treatment; moreover, this antihypertensive effect was manifested at the first measurement time (4 weeks), preceding significant weight change, and exhibited no correlation with weight change, consistent with the antihypertensive effect of NS-0200 being independent of weight loss. Sildenafil at higher doses (≥ 10 mg vs. the 0.5-1.0 mg in NS-0200) is well known to exert vasodilatory effects secondary to phosphodiesterase 5 inhibition as well as eNOS activation, resulting in increased NO/cGMP signaling with consecutive activation of the cGMP-dependent protein kinases to induce vasodilatory, anti-inflammatory, and antiproliferative effects (25) (26) (27) (28) . The synergy between leucine-induced Sirt1 activation and sildenafil-induced eNOS activation amplifies this effect (21, 32) and may enable vasodilatory effects at the lower sildenafil doses used in NS-0200. Moreover, Sirt1 activation was recently demonstrated to increase capillary density and reverse age-related declines in blood flow (45) , likely contributing further to the antihypertensive effect of NS-0200.
NS-0200 also exerted salutary effects on lipids and modest beneficial effects on glycemic control, consistent with a Sirt1/AMPK-mediated mechanism of action and our previous preclinical data (11, 22, 23) , which suggest pleiotropic effects on cardiometabolic risk factors. Accordingly, we undertook a post hoc assessment to evaluate the apparent pleiotropic effects on cardiometabolic risk by assessing the fraction of subjects in each treatment arm exhibiting significant weight loss (≥ 2 kg) and simultaneous improvement in blood pressure (≥ 5% improvement), glycemic control (HbA1c reduction of ≥ 0.2%), triglycerides (≥ 10% reduction), cholesterol (≥ 10% reduction), and/or HDL (≥ 10% increase). Of subjects in the higher-dose treatment arm, 54% exhibited both weight reduction and improvement in at least two of these comorbidities (P < 0.0009 vs. placebo) ( Figure 5 ), and 46% exhibited improvement in at least three comorbidities in addition to weight loss (P = 0.0014). This suggests that targeting the Sirt1/AMPK/eNOS energy sensing network with NS-0200 addresses multiple expressions of dysregulated energy metabolism in addition to weight loss. This concept is further supported by our recent report demonstrating that NS-0200 significantly reduced hepatic fat in NAFLD patients with elevated alanine aminotransferase (33) , as NAFLD is generally considered a hepatic manifestation of metabolic syndrome with significant bidirectional relationships with the other cardiometabolic risk factors (46, 47) ; there was no correlation between weight change and hepatic fat change, again suggesting independent effects on weight and hepatic fat. Similarly, the lack of correlation between weight change and change in the other comorbidities reported here provides further evidence for pleiotropic effects of NS-0200 independent of its effect on weight.
NS-0200 was well tolerated, with no significant effect of treatment versus placebo on overall TEAEs, although the treatment groups did report a greater number of gastrointestinal events, consistent with well-known effects of the metformin component of NS-0200 (48) .
This study has several limitations. The study was designed primarily to assess the effects of NS-0200 on hepatic fat in subjects with NAFLD, and the weight and metabolic outcomes described herein were designated as secondary outcomes. Accordingly, potential changes to diet and physical activity were not evaluated. Additionally, because subjects were selected on the basis of elevated liver fat, the reported effects cannot be extrapolated to subjects who do not have NAFLD. Furthermore, Figure 5 Effects of treatments on improvements in comorbidities in subjects who lost weight (≥ 2 kg). Thresholds for comorbidity improvement were blood pressure (≥ 5% improvement in systolic and/or diastolic pressure), glycemic control (HbA1c reduction of ≤ 0.2%), triglycerides (≥ 10% reduction), cholesterol (≥ 10% reduction), and/or HDL (≥ 10% increase). A = placebo; B = 1,100 mg leucine/500 mg metformin/0.5 mg sildenafil twice daily; C = 1,100 mg leucine/500 mg metformin/1.0 mg sildenafil twice daily. Significance shown versus placebo.
the 16-week duration of the trial precludes conclusions regarding the durability of the reported effects; however, examination of the weight loss trajectory in the full cohort and the subcohorts described showed no evidence of a weight plateau. These factors are now under study in a follow-up trial.
Overall, data from the present study demonstrate that treatment with NS-0200 resulted in significant, dose-dependent reductions in body weight and concomitant improvements in multiple obesity comorbidities. These data support further development of NS-0200 as a therapy for obesity that exerts potential independent effects on obesity-associated comorbidities.O
